The rapid diffusion of the surgical robot has been controversial because of the technology's high costs and its disputed marginal benefit. Some, however, have suggested that adoption of the robot may have improved care for patients with renal malignancy by facilitating partial nephrectomy, an underutilized, technically challenging procedure believed to be less morbid than radical nephrectomy. We sought to determine whether institutional acquisition of the robot was associated with increased utilization of partial nephrectomy.
T he rapid diffusion of the surgical robot has been a source of significant controversy. 1 Despite the high costs of its purchase price ($1-$2.25 million), annual service contract ($140,000) and disposable instruments ($1500-$2000 per case), [1] [2] [3] and little or no evidence suggesting benefit over traditional laparoscopic or open surgical techniques, 4 the robot has been widely adopted for the treatment of an ever increasing number of urologic, gynecologic, cardiothoracic, colorectal, and head-and-neck surgical conditions. 5 As a result of its popularity, adoption of the robot has been associated with changes in the delivery of health services such as increased rates of radical prostatectomy [6] [7] [8] in regions with more surgical robots. It is unknown whether adoption of the surgical robot is associated solely with increased volume or whether it is associated with improvements in guidelinesupported care.
Although open radical nephrectomy (removal of the entire kidney) has long been considered the gold standard treatment for renal tumors, 9 more recent evidence suggests that partial nephrectomy (removal of the tumor only), may be taking its place. Several influential studies demonstrate that careful removal of the tumor with preservation of the healthy renal tissue not only achieves equivalent oncologic outcomes [10] [11] [12] but also reduces the long-term risks of adverse cardiovascular events, chronic renal failure, and premature death. [13] [14] [15] There is evidence to suggest that partial nephrectomy is being increasingly used in the United States. In light of the strong evidence of the procedure's benefit, however, it is still considered underutilized. [16] [17] [18] Partial nephrectomy was performed in only approximately 25% of cases in 2008, 18, 19 most likely because the surgery is technically challenging and may be complicated by increased intraoperative blood loss, ureteral obstruction, and postoperative urine leak. 20 The surgical robot was initially adopted to facilitate radical prostatectomy, however, urologists soon found that the improved magnification and manual dexterity afforded by the robot could facilitate partial nephrectomy 21, 22 as well. Robotic partial nephrectomy is believed to have several advantages over traditional laparoscopic and open surgical techniques including less postoperative pain, 23 shorter length of stay, 23, 24 and reduced intraoperative blood loss. 24 Several recent reports have suggested that the adoption of the robot coincided with the diffusion of partial nephrectomy, 25 possibly because of this decrease in perioperative complications. Specifically, Patel et al 25 reported that use of robotic technology was associated with increased utilization of partial nephrectomy within the state of Maryland. Since this study analyzed data at a regional level, however, they were unable to determine association at an individual hospital level; simply describing trends at the regional level does not address the potential for ecologic fallacy. 26 Even the studies which do analyze data at a hospital level do not follow hospitals longitudinally (before and after robot acquisition). 27 There is a knowledge gap regarding the association between acquisition of the robot at the hospital level and the diffusion of partial nephrectomy. Determining the effect of the surgical robot on adoption of partial nephrectomy is a challenging problem which must account for hospital-level factors associated with partial nephrectomy utilization 18, 28 as well as important secular trends. 16, 17 In this study, we investigate whether acquisition of the surgical robot at the hospital level resulted in a greater proportion of partial nephrectomy at a given hospital. We hypothesized that robot acquisition would be associated with a greater hospital-level proportion of partial nephrectomy. If true, our findings would suggest that acquisition of the robot facilitated increased utilization of a guideline-supported procedure 29 and likely contributed to improvement in the quality-of-care for patients with localized renal cell carcinoma. Conversely, if our hypothesis were rejected, associations reported in prior literature between robot acquisition and increased numbers of partial nephrectomies is probably an ecologic fallacy, where aggregate trends differ from local ones. 26 The results of this study would be an important commentary on the role that reinvention 30 plays in the diffusion of innovation and the impact it can have on improving the quality of care. Understanding the potential for unexpected benefits of technology diffusion should be extremely important to hospital administrators, policy experts, physicians, and patients as they consider the adoption of costly technology innovation in the face of increasing budgetary constraints.
METHODS
We performed a hospital-level retrospective cohort study examining the change in the proportion of partial nephrectomy performed (ie, the numerator is partial nephrectomy and the denominator is all instances of partial or radical nephrectomy to treat renal cell carcinoma) as a function of surgical robot acquisition. This study was de-termined to be exempt from review by the New York University School of Medicine Institutional Review Board.
Our cohort was formed by combining data from 3 sources. We used the Health-care Cost and Utilization Project State In-patient Databases 31 (HCUP-SID) from 7 states (AZ, FL, MD, NC, NY, NJ, and WA) in 2001, 2005, and 2008 to identify all nephrectomies performed for renal tumors. We aggregated nephrectomy data to the hospital level and then merged these with hospital characteristics from the American Hospital Association Survey 32 and publicly available data from the internet (described below) documenting whether and when a surgical robot was purchased by any given hospital.
Selection of Cases
The HCUP-SID databases were queried for patients with the discharge diagnosis of renal neoplasm (ICD-9 code 189.0) in the years 2001, 2005, and 2008 (n = 48,946). Patients with a concomitant diagnosis of transitional cell carcinoma (n = 47) or end-stage renal disease (n = 2661) were excluded from the analysis, as they would have been inappropriate candidates for partial nephrectomy. 33 Patients under the age of 18 years (n = 2068) and those with missing sociodemographic information (n = 798) were excluded. Data on the remaining 43,372 patients were examined to identify all instances of partial (ICD-9 procedure code 55.5 Â ) or radical nephrectomy (ICD-9 procedure code 55.4). Overall, there were 21,569 instances of partial or radical nephrectomy during the study period.
Description of Variables Dependent Variable of Interest
The dependent variable of interest for our analysis was the natural logarithm of the number of partial nephrectomies performed at a given hospital in 2005 and 2008. The proportion of partial nephrectomy for a given hospital was calculated by dividing the number of partial nephrectomies performed at a given hospital in a given year by the number of overall nephrectomies (partial+radical nephrectomies) performed at that hospital in the same year. Our primary outcome of interest was the hospital-level change in the proportion of partial nephrectomies performed in the time periods 2001-2004 and 2005-2008 attributable to the acquisition of the surgical robot. We controlled for the natural log of all nephrectomies (radical and partial nephrectomies) performed for renal cell carcinoma at that hospital in the given year. We adjusted for this because our principal question was whether robot acquisition was associated with increased utilization of partial nephrectomy over radical nephrectomy, rather than simply whether acquisition of the surgical robot was associated with total volume of partial nephrectomy.
The Independent Variable of Interest
The independent variable of interest was surgical robot acquisition. Using publicly available resources such as the website of Intuitive Surgical (the sole manufacturer of the surgical robot), 5 press releases, newspapers articles, annual reports, and direct telephone contact with hospital personnel, we identified whether and when all hospitals had acquired a robot, as previously described. 6 Acquisition was analyzed as a binary variable (acquired or not) in the 2 relevant time periods: 2001-2004 and 2005-2008.
Covariates
We analyzed the data for bivariate associations between the proportion of partial nephrectomy and relevant hospital characteristics such as mean age of hospital inpatients, percentage of female hospital inpatients, percentage of white hospital inpatients, percentage of privately insured hospital inpatients, hospital teaching status, urban or rural location, median Elixhauser Comorbidity Score 34 of hospital inpatients, and hospital location by state ( Table 1) . Any characteristics with P < 0.20 were included in the final analysis along with hospital bed number which is a covariate known to affect both surgical robot adoption 35 and the utilization of partial nephrectomy at the hospital level. 36 
Statistical Analysis
We used a multivariable difference-in-difference model to estimate the independent effect of surgical robot acquisition on the change in the proportion of partial nephrectomy while controlling for confounding hospital-level characteristics and secular time trends. A difference-in-difference model compares the change in the variable of interest (proportion of partial nephrectomy) in a treatment group (hospitals who acquired the robot) to the change in a control group (hospitals which did not). The coefficient for each characteristic in the final regression model represents the marginal effect of that characteristic on change in the proportion of partial nephrectomy over time. We graphed the coefficients for our dependent variables of interest between 2001-2004 and 2005-2008.
Secondary Analyses
We performed several additional analyses to determine the robustness of our results. We hypothesized that after acquisition of the surgical robot, some time might have had to elapse before surgeons had undergone sufficient training on the new equipment to be able to perform robotic partial nephrectomy. We therefore tested the association by repeating the difference-in-difference model using new independent variables: robot acquisition between 2001-2003 and 2005-2007 (an 1-y lag). It was presumed that any observed lag time might be the result of the time needed to develop surgical facility with robotic surgery and partial nephrectomy.
Because hospitals acquiring surgical robots may also have engaged in other, capacity-building endeavors such as the hiring of additional surgeons or building of new operating rooms, we wanted to ensure that acquisition of a surgical robot was not associated with procedures for which the robot was unnecessary. We performed a falsification test 37 to determine whether there was an association between acquisition of the surgical robot and rates of total knee replacement (ICD-9 code 81.54), a procedure which cannot employ the robot. We would expect to find no associations between robot acquisition and utilization of this procedure.
Because hospitals acquiring a surgical robot would presumably also have to recruit surgeons and ancillary staff trained to perform newer, technology-oriented procedures, we wanted to explore whether acquisition of the surgical robot might also be associated with increased utilization of other technology-intensive, but nonrobotic urologic procedures. We performed a second falsification test to determine the association between acquisition of the robot and changes in the utilization of percutaneous nephrolithotomy (ICD-9 codes 55.03, 55.04, 55.92), a technology-intensive, minimally invasive surgical procedure for the treatment of large kidney stones 38 which might otherwise require open surgery. If we found an association between robot acquisition and utilization of percutaneous nephrolithotomy, it might suggest that the introduction of surgical personnel, rather than the robot, was the driver of the increased proportion of partial nephrectomy.
To evaluate the association between surgical outcomes and acquisition of the surgical robot, we repeated 2 additional difference-in-difference models with new dependent variables: mean hospital length of stay and hospital-level mortality for patients undergoing partial nephrectomy.
Statistical analyses were performed using SAS version 9.3 (Cary, NC). All P-values were 2-sided with statistical significance determined at the a = 0.05 level. Table 2 ). In 2008, hospitals that acquired the robot between 2005 and 2008 performed a higher proportion of partial nephrectomy (23.9%) than those not adopting the robot (20.1%) but a lower proportion than those adopting the robot in 2001-2004 ( Table 2 ).
RESULTS
Year of surgery and the following hospital-level characteristics were statistically significant in the final model: mean age of hospital inpatients, fraction of female hospital inpatients, median Elixhauser Comorbidity Score of hospital inpatients, nephrectomy volume, hospital bed number, teaching status, urban location, and state of surgery. Table A1 ). Robot acquisition between 2005 and 2007 also was associated with a similar change in 29 the hospital-level proportion of partial nephrectomy in 2008 as was acquisition between 2005 and 2008. There were no significant associations between robot acquisition and the utilization of either total knee replacement (Appendix Table  A2 ) or percutaneous nephrolithotomy (Appendix Table A3 ) in our falsification tests. There were no significant associations between either hospital length of stay or mortality following partial nephrectomy and robot acquisition (Appendix Table A3 ).
DISCUSSION
In the current, longitudinal hospital-level analysis, acquisition of the surgical robot was independently associated with a greater proportion of partial nephrectomy. Our multivariable-adjusted, difference-in-difference analysis demonstrated that acquisition of the surgical robot between 2001 and 2004 was independently associated with an increase in the proportion of partial nephrectomy (29. This result confirms the hypothesis generated by previous studies examining the regional-level relationship between the surgical robot and partial nephrectomy. 25 A patient diagnosed in 2001 was nearly 5Â more likely to undergo partial nephrectomy than one diagnosed in 1988. 17 Between 2003 and 2008, there was a 90% increase in the annualized rate of partial nephrectomy per 100,000 individuals between 2003 and 2008. 18 Our data confirmed the presence of this trend: the year 2008 was independently associated with a 25.7% increase in the proportion of partial nephrectomy as compared with 2001. Previous studies examining the associ-ations between robotic acquisition and utilization of partial nephrectomy did not adjust for these secular trends. 19 Without exploring this question at the hospital level, the diffusion of nearly any innovation during this time could appear to have an association with increased proportion of partial nephrectomy. Our difference-in-difference model demonstrates that surgical robot acquisition was associated with an increase in the proportion of partial nephrectomy independent of this secular trend. Furthermore, prior studies failed to account for important hospital-level and environmental characteristics such as age, 16, 17 sex, 16, 28 comorbidity, 18, 28 teaching status, 18, 28 urban location, 18, 28 and nephrectomy volumes 18, 28 which have previously been demonstrated to have an association with partial nephrectomy utilization independent of the surgical robot. Our multivariable model also found several other hospital-level characteristics to be associated with changes in the proportion of partial nephrectomy including nephrectomy volume, fraction of female hospital inpatients, mean age of hospital inpatients, median Elixhauser Comorbidity Score of hospital inpatients, and urban location (Table 3 ). Failing to adjust for these relevant hospital-level and environmental characteristics precludes a thorough understanding of the structures, processes, and outcomes that affect quality of care. [39] [40] [41] Although the utilization of partial nephrectomy has been generally increasing with time, these changes have been slow. 19 This observation is consistent with previous studies suggesting that surgeons are reluctant to alter established practice to conform to new scientific evidence. [42] [43] [44] Paradoxically, surgeons are often keen to adopt new technology; for example, laparoscopic cholecystectomy and fundoplication were adopted so rapidly that within 5 years, >50% of both surgeries were performed laparoscopically. 45, 46 The rapid diffusion of the new technology was also associated with lower thresholds for surgery and resulted in increased numbers of cholecystectomy. 47 Diffusion of the surgical robot proceeded similarly. By 2009, 85% of patients undergoing radical prostatectomy had robotic surgery. 1 In the case of prostate cancer, it has been suggested that adoption of the surgical robot might have steered patients away from active surveillance or other guideline-supported prostate cancer management strategies. 48, 49 By contrast, our findings suggest that in the case of renal cell carcinoma, the surgical robot facilitated performance of partial nephrectomy. Thus, the desire to adopt new technology promoted increased performance of partial nephrectomy, an underutilized, guideline-supported procedure. If new surgical technology could be designed with the provision of evidence-based care in mind, it might be an effective intervention for surgeon behavior change.
Our study has several strengths. Our clinical question is very important, as the underutilization of partial nephrectomy represents a significant quality-of-care concern. 17 We were able to study this question using a large populationbased sample of nephrectomies from the HCUP-SID databases. Our final cohort of 21,569 nephrectomies represents the largest in the literature examining this question to date. Furthermore, the inclusion of patients of all ages and insurance types in the SID helps avoid some of the selection biases inherent in Medicare or VA cohorts. Moreover, our study is unique in that it demonstrates that robot acquisition is associated with increased utilization of partial nephrectomy over radical nephrectomy (proportion) . As the incidence of renal cell carcinoma has increased with time as has the incidence of all nephrectomies (Table 2) , other studies which focus only on the number of partial nephrectomies performed are confounded by the possibility that robot acquisition is associated with increased performance of both partial and radical nephrectomies (with no resultant change in the proportion of partial nephrectomy).
Our study also has several limitations. Our retrospective design and observational data precludes a definite determination of causality. We can only conclude that robot acquisition was significantly associated with increased utilization of partial nephrectomy in our multivariable model. Our difference-indifference model, however, overcomes much of the bias typically present in observational studies because we simulated a control group of robot nonacquirers. This design allowed us to adjust for changes in secular trends which would normally be a significant limitation of observational data. Secondly, although our falsification test does partially allay the concern of endogeneity, it cannot dispel this notion entirely. Another limitation is the use of ICD-9 coding to identify cases. We were unable to differentiate whether any particular partial nephrectomy occurred via the open, pure laparoscopic or robotic-assisted modality and cannot definitively conclude whether the greater proportion of partial nephrectomy occurred only because of increased performance of robotic partial nephrectomy or also due to a "spillover benefit" of increased open partial nephrectomy by nonrobotic surgeons trying to keep up with their peers. Although the ability to accurately determine which technique was employed in the performance of partial nephrectomy might be an important observation, our primary question was whether robot acquisition was associated with increased provision of evidence-based care. Thus, our finding of a greater of proportion of partial nephrectomy (by any technique) associated with robot acquisition is a more important observation than proof of the tautology that "a hospital with a surgical robot performs more robotic partial neph-rectomy." As the HCUP-SID database does not provide any pathologic data, we are not able to determine whether the partial nephrectomies performed were appropriate, as certain pathologic criteria might contraindicate partial nephrectomy. This weakness, however, would be likely to bias our results toward the null hypothesis as we include in our analysis a group of patients with tumors which could never have been treated with partial nephrectomy. Our data source also excludes operative parameters or long-term complications. Although certainly important, this topic is outside the scope of our discussion as it has been previously demonstrated that robotic and laparoscopic partial nephrectomies result in similar perioperative outcomes. 50 Despite these limitations, our study provides compelling evidence that hospital-level adoption of the surgical robot was independently associated with a greater proportion of partial nephrectomy.
The unexpected benefits of surgical robot acquisition on the management of renal tumors are an example of "reinvention" or the manner in which a new innovation is altered in the process of its adoption and implementation after its initial development. 30 Although the surgical robot was not developed or initially marketed for the management of renal tumors, our results suggest that its acquisition was associated with an increased utilization of partial nephrectomy, an underutilized, guideline-supported procedure. Although hospitals and physicians have been criticized for adopting this unproven technology early in its development, 1 it appears that the greatest increase in proportion of partial nephrectomy was observed among those earliest adopters. This example suggests that the benefits from early adoption of new technology might not be apparent to policy makers, researchers, or physicians a priori and that there might be some benefit to ensuring access to new technology for select institutions. This is potentially a very important lesson in the political debate over the use of comparative effectiveness data for the approval of new, unproven technology. Although much research and data are clearly necessary before widespread adoption, policy mechanisms like Medicare payments for technology adoption, should remain in place to encourage some degree of limited technology adoption, even if the technology may not immediately appear cost-effective. In 2008: À 3.6% (À19.0 to 11.9), P = 0.65 Robot acquisition [2005] [2006] [2007] [2008] In 2008: À 0.4% (À 12.2 to 11.3), P = 0.94 In 2008: +2.1% (À 11.7 to 15.9), P = 0.76 CI indicates confidence interval. 
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